A search for stress metabolites produced by the plant pathogenic fungus Leptosphaeria maculans (asexual stage Phoma lingam) cultured in high salt medium led to the isolation and structure elucidation of two metabolites associated with melanin biosynthesis and cell melanization, a self-protection mechanism against salt stress. The chemical structures of the metabolites were deduced by detailed analysis of 1D and 2D NMR spectroscopic data and chemical transformations.
Leptosphaeria maculans (Desm.) Ces. et de Not.
[asexual stage Phoma lingam (Tode ex Fr.) Desm.] is a phytopathogenic fungus that causes blackleg disease in rapeseed (Brassica napus L. and B. rapa L.) and canola (B. napus L. and B. rapa L.) in Canada and worldwide [1] [2] [3] . The prevalence of L. maculans on rapeseed fields and an increase in more aggressive isolates in Canada, USA, Australia and several European countries is an on-going problem [1] . The metabolite profiles of isolates of L. maculans collected in different countries suggested that this species comprises distinct groups [4] , one of which is highly virulent on canola. These virulent isolates, in a chemically defined culture medium, produce mainly sirodesmin PL (1), a non-host selective phytotoxin [5] and an elicitor of plant defenses [6] . Other minor sirodesmins that include deacetylsirodesmin PL (2) [5] and sirodesmins H (3) [7] , J (4), and K (5) [8] and their biosynthetic precursor phomamide (6) are cometabolites [9] . As well, these virulent isolates produce a host-selective toxin, phomalide (7) , in planta [10] and in culture [11] . A recent search for metabolites produced by L. maculans that can induce stress on host-plants led to the isolation and structure elucidation of new metabolites named leptomaculins A-E [6] . Although leptomaculins A-E appeared to derive from sirodesmin PL (1) they did not display phytotoxic or elicitor activity.
In continuation of that search, we have used high salt medium to induce stress in L. maculans in an attempt to discover new metabolites with potential elicitor activity. Fungal cultures grown in media containing high NaCl concentrations became dark greenish-blue after seven days of incubation and produced substantially lower amounts of sirodesmin PL (1) . Determination of the chemical structures of the new metabolites indicated that they are associated with melanin derived from 1,8-dihydroxynaphthalene and are likely produced for cell melanization, a selfprotection mechanism against salt stress.
HPLC-DAD analysis of extracts of fungal cultures in media containing different concentrations of NaCl showed a new peak at t R = 2.4 min and substantially lower amounts of sirodesmin PL (1) than extracts of control cultures. It was established that maximum production of this new metabolite occurred when NaCl (0.7 M in medium) was added to 4-day-old cultures, conditions under which sirodesmin PL (1) was not produced. In addition, it was observed that these cultures changed from light yellow to dark greenish blue after seven days of incubation and the mycelium became very dark ( Figure 2 ). The new metabolite at t R = 2.4 min (9) was isolated from the EtOAc extract of the culture broth and the known blue pigment bulgarein (10a/10b) was isolated from the dark mycelial extract, as described in the experimental. confirmed by synthesis ( Figure 3 ). In brief, 1,8dihydroxynaphthalene was obtained from commercially available 1,8-naphthosultone upon heating with KOH at 300 °C, as described in the Experimental.
Although 9 appeared to slowly hydrolyze to 1,8dihydroxynaphthalene (8) on standing in aqueous solution, only a very small amount of 8 was detected in the EtOAc broth extracts (ca. 5% of 9 determined by HPLC).
Analytical TLC of mycelial extracts showed several unresolved spots with tailing and HPLC analysis indicated a complex mixture. Several chromatographic separations afforded a dark colored material that appeared to be a single blue component. HRMS-ESI of this blue metabolite (10a/10b) suggested the molecular formula C 20 H 10 O 5 , i.e. an unsaturation number of sixteen.
The 1 H NMR spectrum displayed ten protons (DMSO-d 6 ), three of which were exchangeable (13.48, bs, 2H and 12.66, bs, 1H). Of the remaining five signals, three broad singlets at δ H 7.57, 7.38 and 6.67 changed multiplicity when the 1 H NMR spectrum was recorded at ca. 58°C; the broad singlets at δ H 7.57 and 6.67 became broad doublets and the broad singlet at δ H 7.38 became a broad triplet. The remaining signals at δ H 8.27 (d, J = 9.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 6.59 (d, J = 8.0 Hz, 1H), and 6.40 (d, J = 9.0 Hz, 1H) indicated the structure to be aromatic. Furthermore, the 13 C NMR spectral data suggested that this aromatic system contained two carbonyls (δ C 183.1, 2C), and three C-O bonds (δ C 160.6, 3C).
Treatment of this blue metabolite (10a/10b) with diazomethane gave a product that appeared to contain an oxymethylene, a methylene and three methoxyl groups, according to its 1 unsaturation number of sixteen). Thus, it appeared that diazomethane treatment methylated three hydroxyl groups, and provided two additional methylenes. However, methylation with K 2 CO 3 and dimethyl sulfate in acetone gave a reduced pentamethoxy derivative (C 25 H 22 O 5 , i.e. unsaturation number of fifteen) ( Figure 4 ). These spectroscopic data and chemical transformations are consistent with the structure of bulgarein (10a/10b), a fungal metabolite produced by Bulgaria inquinans whose structure was elucidated by Edwards and Lockett in 1976 for which 1 H and 13 C NMR spectroscopic data were not provided [12, 13] .
A reaction similar to that observed between bulgarein (10a/10b) and diazomethane was reported for 9,10-phenanthrenedione (14) , which also yielded a product resulting from double insertion of methylene (15, Figure 5 ) [14] .
Phytotoxicity and elicitor activity assays, carried out as previously described [6] , conducted with metabolites 9 and 10a/10b indicated that they display neither phytotoxin nor elicitor activity.
Fungi and many other living organisms produce pigments known as melanins, which are derived from dihydroxynaphthalene (DHN)-melanin and dihydroxyphenylalanine (DOPA)-melanin. Both types of melanin have been associated with virulence of phytopathogenic and human pathogenic fungi. For example, in phytopathogenic fungi such as Magnaporthe grisea and Colletotrichum lagenarium DHN-melanin plays an essential role in generating turgor for fungal appressoria to penetrate plant leaves [15] . In addition, the ability of both DHN-and DOPA-melanins to quench free radicals is thought to be an important factor in fungal virulence, and inhibition of melanization has been used for antimicrobial drug and fungicide development [16] . Fungal production of melanin has also been linked to protection against environmental stress. The black yeast Hortaea werneckii is the dominant fungal species in hypersaline waters and a model organism used for studying mechanisms of salt tolerance. Interestingly, ultrastructural studies of its cell wall showed that it produces DHN-melanin under both saline and non-saline growth conditions. However, melanin granules in the cell walls are organized in a salt-dependent way, implying the potential osmoprotectant role of melanin. In fact, H. werneckii grown in high NaCl concentrations is able to maintain very low intracellular amounts of potassium and sodium ions [17] .
DHN-melanin is derived from 1,8dihydroxynaphthalene (8) via the polyketide pathway. Previously, bulgarein (10a/10b) was thought to be a shunt metabolite in the biosynthesis of DHN-melanin [18] . Hence, the production of metabolites 9 and 10a/10b in response to relatively high NaCl concentrations (0.7 M vs. 1.7 mM under standard conditions) indicates that melanization of cells of L. maculans is due to production of DHNmelanin, a self-protection mechanism. L. maculans was reported to accumulate a DHN-melanin in a fungal culture containing DHN-melanin inhibitors [18] . Although a relatively high number of shunt metabolites produced from 8 were reported to accumulate in different melanin deficient fungal mutants and in fungal cultures containing DHNmelanin inhibitors [19] , to the best of our knowledge this is the first report of accumulation of a sulfated naphthalene metabolite. The new metabolite 8-hydroxynaphthalene-1-sulfate (9) may be a storage metabolite of 1,8-dihydroxynaphthalene (8) .
Experimental
General: All chemicals were purchased from Sigma-Aldrich Canada Ltd., Oakville, ON; solvents were HPLC grade and used as such. Organic extracts were dried with Na 2 SO 4 and solvents removed under reduced pressure in a rotary evaporator. Flash column chromatography (FCC) was carried out using silica gel grade 60, mesh size 230 -400 Å and WP C 18 prepscale mesh size 275 Å. Preparative thin layer chromatography (prep TLC) was carried out on silica gel plates, Kieselgel 60 F 254 (20 × 20 cm × 0.25 mm); compounds were visualized under UV light.
NMR:
Nuclear magnetic resonance (NMR) spectra ( 1 H, 13 C, HMQC -heteronuclear multiple quantum coherence, HMBC -heteronuclear multiple bond coherence) were recorded on Bruker Avance 500 spectrometers. High resolution (HR) electron impact (EI) mass spectra (MS), were obtained on a VG 70 SE mass spectrometer, employing a solids probe.
HPLC: HPLC analysis was carried out with Agilent high performance liquid chromatographs equipped with quaternary pump, automatic injector, and diode array detector (DAD, wavelength range 190 -600 nm), degasser, and a Hypersil ODS column (5 μm particle size silica, 4.6 i.d. × 200 mm), having an in-line filter. Mobile phase: 75% H 2 O -25% CH 3 CN to 100% CH 3 CN, for 35 min, linear gradient, and at a flow rate 1.0 mL/min.
Fungal cultures for HPLC analysis:
Leptosphaeria maculans isolate BJ 125 was grown in 250 mL Erlenmeyer flasks containing 100 mL minimal medium [20] inoculated with fungal spores at 1×10 8 per flask and cultures were incubated on a shaker at 150 rpm, at 23 ± 2°C. Different amounts of NaCl (1 g / 100 mL to 4 g / 100 mL) were added after different incubation times (0 hours to 5 days). Culture samples (10 mL) were extracted with EtOAc (20 mL × 3) every 24 h and the extracts were analyzed by HPLC.
Isolation, purification and characterization of metabolites 9 and 10a/10b: For isolation of metabolites, fungal cultures were incubated (shaker at 150 rpm, at 23 ± 2 °C) for 4 days, followed by addition of NaCl (0.7 M) and further incubation; cultures were harvested after further incubation for three days (12 L). The broth was separated from the mycelium by vacuum filtration, collected and extracted with EtOAc. The mycelium was washed twice with distilled water and then extracted with MeOH (200 mL × 3). The MeOH layer was concentrated (50 mL) and filtered. The filtrate was concentrated to dryness to give a dark residue (2.5 g). (9) : The EtOAc layer was concentrated and the residue (1.4 g) was applied to C 18 reverse phase FCC (CH 3 CN-H 2 O, gradient elution) to give a total of 26 fractions. Fractions 4 to 7 (66 mg) were further purified by C 18 reverse phase FCC (CH 3 CN/H 2 O, 5:95) to give 35 mg metabolite 9 (gray solid).
8-Hydroxynaphthalene-1-sulfate

Preparation:
Commercially available 1,8-naphthosultone (240 mg, 1.20 mmol) and KOH (1.2 g, 21.4 mmol) were heated together at 300°C, as previously described [21] , to yield 1,8-dihydroxynaphthalene (8, 120 mg, 64% yield). HSO 3 Cl (25 µL, 0.38 mmol) was added slowly into a solution of diethyl ether (156 µL) and N,N-dimethylaniline (156 µL, 1.25 mmol) at -10°C. After 1,8-dihydroxynaphthalene (8, 20 .0 mg, 0.125 mmol) had been added, the reaction mixture was warmed to 0°C and stirred for 1 h. Aq. NaOH (60%, 1 mL) was added into the reaction mixture with vigorous stirring, then the reaction mixture was adjusted to pH 8 with 1 M H 2 SO 4 and extracted with EtOAc (20 mL × 4). The EtOAc layer was concentrated to give a white residue, which was separated by reverse phase FCC (CH 3 CN/H 2 O, 10 : 90) to yield compound 9 as a gray solid (14.1 mg, yield 47%). 
Bulgarein (10a/10b):
The residue of the mycelial extract was subjected to silica gel FCC and eluted with MeOH-CH 2 Cl 2 (5% MeOH to 25% MeOH gradient). The fraction obtained from 20% MeOH/CH 2 Cl 2 (50 mg) was subjected to RP 18 
Methylation using diazomethane:
Diazomethane was added to a suspension of crude compound 10a/10b in methanol (5 mg), and kept at room temperature overnight. After concentration, the residue was separated by PTLC (EtOAc/n-hexane 1:1, two developments) to yield compound 11 (1.3 mg) as the major product. Methylation using dimethyl sulfate: K 2 CO 3 (482 mg, 3.50 mmol) and dimethyl sulfate (120 µL, 0.88 mmol) were added to a mixture of acetone (10 mL) and crude 10a/10b (40 mg) and the reaction mixture was refluxed for 3 h. After concentration, the residue was separated by PTLC (EtOAc/n-hexane, 1:1) to yield compound 12 (3.8 mg) as the major product. 
